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ABSTRACT Infections due to colistin-resistant (Col") Gram-negative rods (GNRs) and
colistin-resistant Klebsiella pneumoniae isolates in particular result in high associated
mortality and poor treatment options. To determine the risk factors for recovery on
culture of Col" GNRs and Col" K. pneumoniae, analyses were chosen to aid decisions
at two separate time points: the first when only Gram stain results are available
without any bacterial species information (corresponding to the Col" GNR model)
and the second when organism identification is performed but prior to reporting of
antimicrobial susceptibility testing results (corresponding to the Col" K. pneumoniae
model). Cases were retrospectively analyzed at a major academic hospital system
from 2011 to 2016. After excluding bacteria that were intrinsically resistant to colis-
tin, a total of 28,512 GNR isolates (4,557 K. pneumoniae isolates) were analyzed, 128
of which were Col" (i.e, MIC > 2 pg/ml), including 68 of which that were Col" K.
pneumoniae. In multivariate analysis, risk factors for Col” GNRs were neurologic dis-
ease, residence in a skilled nursing facility prior to admission, receipt of carbapen-
ems in the last 90 days, prior infection with a carbapenem-resistant organism, and
receipt of ventilatory support (c-statistic = 0.81). Risk factors for Col" K. pneumoniae
specifically were neurologic disease, residence in a skilled nursing facility prior to ad-
mission, receipt of carbapenems in the last 90 days, receipt of an anti-methicillin-
resistant Staphylococcus aureus antimicrobial in the last 90 days, and prior infection
with a carbapenem-resistant organism (c-statistic = 0.89). A scoring system derived from
these models can be applied by providers to guide empirical antimicrobial therapy in
patients with infections with suspected Col" GNR and Col" K. pneumoniae isolates.
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he rising prevalence of infection caused by multidrug-resistant organisms (MDROs)

is a worldwide problem with increasing costs and associated morbidity and mor-
tality (http://www.cdc.gov/drugresistance/pdf/ar-threats-2013-508.pdf). In the United
States, there are currently approximately 2 million annual cases of infections due to
MDROs, with ~23,000 attributable deaths and $50 million in directly attributable costs
(https://amr-review.org/sites/default/files/AMR%20Review%20Paper%20-%20Tackling
%20a%20crisis%20for%20the%20health%20and%20wealth%200f%20nations_1.pdf). Ini-
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tial antibiotic selection remains a challenge. A delayed start of microbiologically active
antibiotic therapy has been shown to increase mortality and hospital length of stay (1,
2), while overuse of broad-spectrum antibiotics has been linked with an increased
prevalence of MDROs (3-7).

Colistin (polymyxin E) has been considered an antibiotic of last resort for the treatment
of infections caused by multidrug-resistant (MDR) Gram-negative bacteria, due to
neurotoxicity and nephrotoxicity, but it has become an increasingly important therapy
when MDR pathogens are suspected and is, at times, the sole antimicrobial with activity
against these organisms (8). Early, appropriate treatment of patients infected with
colistin-resistant (Col") Gram-negative rods (GNRs) and colistin-resistant Klebsiella pneu-
moniae isolates has been associated with reduced mortality (9-11). The prevalence of
colistin resistance among GNRs has been increasing over the past 2 decades, particu-
larly among isolates of Klebsiella pneumoniae (8, 10, 12-16), limiting the potential utility
of colistin. Infection with Col" GNRs is associated with a higher mortality than infection
with colistin-susceptible (Cols) isolates (9, 10, 17-20), making the rapid identification of
resistance important. However, the early identification of Col” GNRs is challenging.

Prior literature has identified multiple risk factors for colistin resistance in GNRs,
including recent prior hospitalization (17, 21, 22), prior carbapenem resistance (10,
13-15, 21, 23), prior treatment with colistin (18, 21, 23, 24), exposure to chlorhexidine
(25), the presence of multiple comorbidities in the patients (21, 22), and increasing age,
male sex, length of hospitalization, and the presence of indwelling urinary catheters
(22). Other risk factors for the development of MDROs in general included prior
residence in a nursing home, hemodialysis, intensive care unit (ICU) admission (26), the
presence of a medical comorbidity (19, 27), and prior beta-lactam usage and invasive
surgery (27).

We hypothesized that a large, adequately powered study would provide sufficient
observations to identify easily obtainable clinical factors that could serve as a prediction
tool for identifying patients at high risk for infection with colistin-resistant organisms,
specifically, Col" K. pneumoniae.

MATERIALS AND METHODS

We conducted a retrospective study of all patients with positive cultures of specimens from any
source over a 6-year period to develop a comprehensive model for the risk of infection with Col” GNRs,
with a specific focus on Col" K. pneumoniae. The study was performed at two hospitals in metropolitan
Los Angeles, CA. Ronald Reagan UCLA Medical Center is a 520-bed tertiary care center with five adult
intensive care units totaling 109 beds. Santa Monica UCLA Hospital has 266 beds in total with 22 mixed
intensive care beds in a single unit. Both are part of UCLA Health and serve patients with solid organ and
bone marrow transplants, cancer, and various medical and surgical conditions. The Integrated Clinical
and Research Data Repository (xDR) serves as a warehouse for all clinical data throughout UCLA Health
since the implementation of electronic health records in 2006. The initial data set contained information
from all admissions with start dates from January 2006 through November 2016 to either hospital for
patients =18 years of age and at least one positive culture of a specimen from any source (blood, urine,
sputum, wounds, or other fluids). Approval for this study was granted through the UCLA Institutional
Review Board.

Since the endpoint of this analysis was prediction of development of the first colistin-resistant isolate,
once the culture of a specimen from a patient grew a Col" GNR organism (defined as an organism for
which the colistin MIC was >2 ug/ml), results for all cultured specimens collected from that patient at
a time later than the time of collection of the original cultured specimen were removed from the data
set. In order to focus on the clinically relevant event of transition from colistin susceptibility to resistance,
isolates with intrinsic colistin resistance (Burkholderia, Morganella, Proteus, Providencia, and Serratia spp.)
were excluded from the analysis.

Routine susceptibility testing was performed by the Clinical and Laboratory Standards Institute (CLSI)
reference broth microdilution (BMD) method, using panels prepared in-house. Only data from 2011 and
onwards were used in this study, as routine colistin susceptibility testing was not performed prior to
2011. After 2011, colistin susceptibility testing was routinely performed on all nonurinary specimens and
was routinely performed for urinary specimens demonstrating carbapenem resistance. All antimicrobial
susceptibility data were interpreted using CLSI breakpoints current to the year of testing. Because no CLSI
breakpoints exist for the Enterobacteriaceae and colistin, the EUCAST breakpoints of =2 pg/ml to define
susceptible and >2 ug/ml to define resistance were applied. These breakpoints are specific to the
intravenous route of administration.

Predictor variables were chosen on the basis of prior studies, as were those with biologic plausibility
that could readily be obtained from the medical record. Data collected for each patient included
admission hospital, the number of days since admission, location prior to admission (home versus
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long-term-care facility or other hospital), demographic information, comorbidities (grouped into cate-
gories based on Elixhauser score designations) (28), laboratory results from the date of the culture, vital
signs on the date that the specimen for culture was collected (maximum temperature, heart rate, and
respiratory rate and minimum blood pressure), vital signs from initial hospital presentation, oxygen/
ventilation method, presence of a tracheostomy, presence of a urinary catheter, administration of
antibiotics and other selected medications (vasopressors, probiotics, blood products, immunosuppres-
sants, and acid suppressants), the source of the specimen cultured, and prior culture positivity for
carbapenem-resistant GNRs. Administration of antibiotics and the medications listed above was coded as
the number of days since the last receipt of the medication, Winsorized to a maximum value of 100
(received within 24 h of the time of culture was coded as 0; never received was coded as 100 days since
receipt). The variable “antipseudomonal carbapenem” refers to the receipt of meropenem, imipenem, or
doripenem. The variable “anti-methicillin-resistant Staphylococcus aureus (MRSA)” agents refer to vanco-
mycin, linezolid, and daptomycin, as these were used at the two institutions in cases of suspected
hospital-acquired MRSA infection. Receipt of colistin was by any route, including the intravenous or
inhalation route. An infection was coded as “hospital acquired” if the specimen for culture was submitted
to the laboratory >48 h after the time of first presentation to the hospital.

The Elixhauser category of neurologic disease includes cerebral degeneration, movement disorders,
degenerating neuropathies, seizure disorders, and anoxic brain injury (28). The construct of advanced
ventilatory support includes patients receiving either noninvasive or invasive mechanical ventilation.

In cases where laboratory tests were not performed before specimens for culture were sent (typically
at the beginning of a patient’s admission), the first set of laboratory test results was used for that patient,
provided that the tests were performed on specimens collected within 24 h of culture positivity. For
laboratory tests not typically performed daily (e.g., liver function tests, measures of coagulation, and
protein/prealbumin concentrations), the most recent result within a 48-hour period prior to culture
positivity was used.

Statistical analysis. Two separate analyses were performed: one compared all Col* GNRs against all
Col" GNRs, and one compared only colistin-susceptible K. pneumoniae isolates against Col" K. pneumoniae
isolates. These two analyses were chosen to aid decisions at two separate time points: the first when only
Gram stain results were available without any bacterial species information (corresponding to the Col"
GNR model) and the second when organism identification was performed but was performed prior to
reporting of antimicrobial susceptibility testing results (corresponding to the Col" K. pneumoniae model).
The measured variables in each case were compared between the cases and controls by a two-sided
Mann-Whitney U test, Student’s t test, or chi-squared test, as appropriate. In each case, after bivariate
associations were examined, variables with P values of <0.10 or strong biologic plausibility were
included in a stepwise forward model selection procedure to create a logistic regression model for each
case/control pair; a P value of <0.10 was chosen as a threshold to include variables in the model to
ensure that marginally significant variables with strong predictive effects were not inappropriately
excluded. Only complete cases were included in the model selection. Model discrimination was assessed
with the area under the receiver operating characteristic curve (c-statistic), and models were compared
by the chi-squared test if they were nested or by use of the Akaike information criterion if they were not.
In the original analysis, an MIC of >2 ug/ml was used for all organisms, but for Pseudomonas aeruginosa,
the CLSI breakpoint is defined as an MIC of >4 pg/ml. As a sensitivity analysis, models were rerun by
defining colistin resistance in Pseudomonas aeruginosa as an MIC of >4 pg/ml; this did not substantially
change the results. All analyses were performed using the Stata statistical software package, version 14.2
(29).

RESULTS

The overall data set included 28,512 GNR isolates from 12,388 patients, and 128 of
these isolates were Col". A total of 4,557 K. pneumoniae isolates were in the data set, and
68 of these were Col". Since only complete cases were analyzed for the multivariate
model, the final model for all GNRs comprised 15,372 cultures, 80 of which were Col"
GNRs, and the final model for K. pneumoniae comprised 2,234 cultures, 34 of which
were Col" K. pneumoniae. The incidence of development of Col" showed an upward
trend for both GNRs and K. pneumoniae over the study period (Fig. 1). Among the Col"
organisms, K. pneumoniae and Acinetobacter baumannii were overrepresented com-
pared to colistin-susceptible organisms, while Escherichia and Pseudomonas spp. were
underrepresented (Table 1). Among both all GNR and K. pneumoniae isolates, a respi-
ratory source for the culture was predictive of Col" (Table 2). Since urinary isolates were
not consistently tested for colistin resistance, they were excluded from Table 2 and the
accompanying chi-squared test.

Bivariate analyses. Selected bivariate associations are reported in Table 3. Risk
factors were similar for all GNRs and for K. pneumoniae, although P values were
generally smaller for GNRs due to the larger sample size. Consistent with information
previously presented in the literature, risk factors included admission from a nursing
home and location in an ICU (26), comorbidity (as measured by the Elixhauser score)

September 2018 Volume 56 Issue 9 e00149-18

Journal of Clinical Microbiology

jcm.asm.org 3


http://jcm.asm.org

Richter et al. Journal of Clinical Microbiology

1.80%

1.60% 7V7

= 1.40%
C
©
9 1.20%
“ /
O 100% 7/
C
S 0.80%
Rt s
8 0.60% =—Klebsiella
R o.40% = All GNR
0.20%
0.00% -+ T T T - ™ T
2011 2012 2013 2014 2015 2016

Year

FIG 1 Rates of new cases of colistin resistance by year for K. pneumoniae and all Gram-negative rods, excluding isolates
with intrinsic colistin resistance.

(19, 22, 27), a prior specimen culture positive for a carbapenem-resistant organism (10,
13-15, 21, 23), and prior treatment with colistin (18, 21, 23, 24). Increasing age was
associated with Col" K. pneumoniae but not Col" GNRs. The most prominent comorbidity
associated with Col" was the neurologic disease category of the Elixhauser score.
Several measures of chronic or acute respiratory failure were predictive of Col", includ-
ing whether the patient was currently receiving advanced ventilatory support, whether
the patient had been on a ventilator during that hospitalization, and whether the
patient had a tracheostomy at the time of specimen collection for culture or the time
of admission. Laboratory values associated with ColR were higher white blood cell
(WBC) counts, lower hemoglobin/hematocrit levels, and higher blood urea nitrogen
(BUN) and alkaline phosphatase concentrations. The recent receipt of probiotics, blood
products, and gastric acid suppressants prior to the day of culture was associated with
Col" GNRs (and, occasionally, Col" K. pneumoniae; Table 3). A shorter time since receipt
of the following antibiotics was associated with Col" GNRs (and, occasionally, Col" K.
pneumoniae; Table 3): antipseudomonal carbapenems, ertapenem, penicillins, anti-
MRSA agents, and colistin. Of note, steroids, chemotherapy (defined as cytotoxic drugs
for the purposes of treating cancer), and immunosuppressants (a category including
both steroids and chemotherapeutic agents) were not associated with an increased risk
for Colr infections.

Multivariate analyses. Many of the variables that were significant on bivariate
analysis were strongly colinear and were tested against each other in groups to
determine which predictors were most representative from the various groupings of
medical comorbidities, demographics, vital signs, laboratory values, indwelling devices,
and recently administered medications. Next, representative predictors were added

TABLE 1 Distribution of organisms for Cols and Col" cultures®

% of isolates

Organism Cols Col"
A. baumannii 24 1.1
Enterobacter spp. 8.5 6.2
Escherichia spp. 37.6 0.4
K. pneumoniae 16.0 68.4
Pseudomonas spp. 22.3 7.6
Stenotrophomonas spp. 3.7 2.7
Other 9.5 3.6

aP < 0.001 by the chi-squared test. Col" was defined as an MIC of >2 ug/ml.
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TABLE 2 Distribution of specimen source for Col* and Col" cultures among both all GNRs
and K. pneumoniae®

% of isolates

Specimen Col* GNRs Col" GNRs Cols K. pneumoniae Col" K. pneumoniae
Blood 20.0 10.9 29.0 17.0
Respiratory 47.4 67.3 40.2 553
External® 11.5 10.9 8.8 17.0
Other 21.1 109 22.1 10.7

apP < 0.001 for GNRs and P = 0.011 for K. pneumoniae by the chi-squared test.
bExternal includes skin or a wound specimen source.

together, and the most parsimonious models were chosen. To facilitate model inter-
pretability, the variables representing the number of days since receipt of medications
were dichotomized to receipt within the prior 90 days versus not; this did not significantly
affect the model fit.

For the model predicting Col" GNRs, the predictors in the final model were the
presence of neurologic disease (as defined by the Elixhauser score), admission from a
long-term-care facility, prior infection with a carbapenem-resistant organism, receipt of
an antipseudomonal carbapenem in the prior 90 days, and receipt of advanced
respiratory support at the time of culture (Table 4). The first three of these variables best
represented the construct of chronic illness, while the last two represented antibiotic
exposure and acute illness, respectively; this model had a c-statistic of 0.81.

For the model predicting Col" K. pneumoniae, the predictors in the final model were
similar to those for the model predicting Col" GNRs: the presence of neurologic disease
(as defined by the Elixhauser score), admission from a long-term-care facility, prior
infection with a carbapenem-resistant organism, receipt of an antipseudomonal car-
bapenem in the prior 90 days, and receipt of an anti-MRSA agent in the prior 90 days.
This model had a c-statistic of 0.89 (Table 4).

Treating each multivariate model as a score with 1 point assigned for each of the five
items in the model, we created a potentially user-friendly tool to predict the probability
of Col" in both situations. Figures 2 and 3 show the positive predictive value at each
score total for GNRs and K. pneumoniae, respectively, and demonstrate that a higher
score is associated with a higher likelihood of Col", with scores of >3 representing a
3.5% risk of Col" GNRs and a 9.6% risk of Col" K. pneumoniae. Due to the amplified
effects of random chance on a small number of cases with a score of 5, discontinuities
are seen in both models at the highest score.

DISCUSSION

Infection with colistin-resistant organisms is associated with a substantially in-
creased risk for mortality, and options for treatment are limited (9-11, 17-20). Prior
studies have typically been relatively small or limited in scope, either following a
relatively small number of patients (9, 10, 17, 18, 24, 26, 30-33) or focusing on a single
organism (16, 21, 22, 27), and none have resulted in a clinically meaningful prediction
tool. Our score can be calculated by providers at the time of decision making without
the help of a computer. This potentially more accurately reflects a patient’s risk for Col
organisms than a hospital-wide or unit-specific antibiogram, which can provide only a
flat percent expected susceptibility for a given organism and is not useful for the
management of rare events. Additionally, most hospital labs do not routinely test for
colistin susceptibility, and it is rarely in a hospital’s antibiogram. All information used in
the models was from standardized data fields that were extracted from the medical
record by an automated process without any requirement for human interpretation or
processing of individual patient records, allowing this score to potentially be calculated
automatically.

The results of our bivariate analysis are largely in line with those of prior similar
studies, demonstrating the association with prior infections with carbapenem-resistant
organisms (10, 13-15, 21, 23), treatment with colistin (18, 21, 23, 24), various medical
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TABLE 3 Selected bivariate associations?

Journal of Clinical Microbiology

Value(s) for GNRs

Value(s) for K. pneumoniae

Characteristic Cols Col" P value Col® Col" P value
No. of patients 28,512 128 4, 557 68
Mean (SD) age (yr) 63.1(19.3) 65.4(18.5) 0.166 62.7 (18.4) 69.1(16.9) 0.004
% of male patients 474 57 0.03 49.7 58.8 0.134
% of patients by race 0.08 0.054
White 523 51.6 49.7 45.6
Asian 8.8 9.4 9.8 74
Black 109 17.2 12.0 235
Latino 215 14.1 224 16.2
Other 6.4 7.8 6.1 74
Mean (SD) BMI (kg/m?) 25.8(6.7) 25.6 (7.4) 0.946 26.4(7.4) 25.5(8.7) 0.564
% of patients admitted from health care 14.3 45.7 <0.001 13.2 55.9 <0.001
facility
% of patients in hospital (RRMC vs SMH) 65.7 56.1 0.198 64 53.8 0.283
Median (IQR) log no. of days to culture 0.69 (—1.35,2.31) 1.57 (—0.44, 3) <0.001 0.86 (—1.27,2.38)  1.06 (—0.77,2.82)  0.029
Proportion of cases hospital acquired 0.463 0.516 0.237 0.487 0.515 0.647
% of patients:
In ICU at time of culture 20.3 336 <0.001 21.5 324 0.014
With any ICU stay during index hosp. 40.3 61.2 <0.001 43.1 68.3 <0.001
For whom current isolate is carbapenem 7.8 71.1 <0.001 6.3 88.2 <0.001
resistant
With prior isolation of carbapenem- 13.2 47.7 <0.001 12.7 57.4 <0.001
resistant GNR
With an indwelling urinary catheter 43.8 76 0.002 44 75 0.01
Ventilated during index hosp. 324 65.1 <0.001 334 68.3 <0.001
With tracheostomy present on day of 12.1 30.2 <0.001 8.5 24.4 <0.001
culture
With tracheostomy present on admission 5 16.3 <0.001 33 19.5 <0.001
With advanced ventilation on day of 24 51.2 <0.001 25.1 51.2 <0.001
culture
Median (IQR) Elixhauser score 16 (7, 27) 21 (11, 28) 0.005 19 (9, 29) 21.5 (11, 31) 0.021
% of patients with the following:
Congestive heart failure 20.5 18 0.477 20.8 20.6 0.969
Arrhythmia 427 56.3 0.002 43.2 63.2 <0.001
Neurologic disease 29.3 56.3 <0.001 29.8 64.7 <0.001
Chronic pulmonary disease 254 29.7 0.27 24 27.9 0.449
Liver disease 26.5 25 0.704 33 29.4 0.527
Lymphoma 44 4.7 0.862 3.8 29 0.726
Metastatic cancer 10.6 5.5 0.06 1.3 59 0.161
Nonmetastatic cancer 234 12.5 0.004 26.6 13.2 0.013
Wt loss 19.9 32 <0.001 223 353 0.011
Electrolyte disorder 61.6 72.7 0.011 66.6 76.5 0.088
Deficiency anemia 13.2 14.1 0.777 14.5 14.7 0.963
Drug abuse 7.2 55 0.448 8 44 0.274
Solid organ transplant 19.1 21.1 0.559 20.6 16.2 0.367
Bone marrow transplant 1.6 1.6 0.991 13 0 0.345
Renal failure 153 24.2 0.005 16.8 29.4 0.006
Cystic fibrosis 1.9 6.3 <0.001 0 0 0.863
HIV infection 0.8 0.8 0.992 0.5 15 0.292
Alcohol use 222 15.9 0.154 225 214 0.868
Tobacco use 5.6 55 0.972 55 9.4 0.347
Vital signs on day of culture
Maximum temp (C) 99.7 (1.6) 99.5(1.8) 0.292 99.7 (1.8) 99.6 (2.3) 0.774
Maximum pulse (beats/min) 104.3 (23) 108.6 (21.3) 0.078 105.4 (23.5) 111.5(24.3) 0.089
Maximum respiratory rate (breaths/min) 27.4(9.8) 28.7 (8.8) 0.221 27.4(9.7) 28.8(8.4) 0.373
Minimum SBP (mm Hg) 101.2(21.7) 93.7 (21) <0.001 100.1 (22) 92.3(24.3) 0.01
Minimum DBP (mm Hg) 58.2(12.3) 54.6 (10.6) 0.006 57.7(12.3) 54.5(12.8) 0.073
Minimum MAP 724 (14.3) 67.6 (13.4) 0.001 71.8(14.3) 67.1(16) 0.022
% of patients with septic shock 20.6 31.3 0.003 223 324 0.047
% of patients with hypotension 21.2 32 0.001 229 324 0.034
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TABLE 3 (Continued)

Journal of Clinical Microbiology

Value(s) for GNRs

Value(s) for K. pneumoniae

Characteristic Col* Col" P value Col* Col" P value
Median (IQR) or mean (SD) lab results on
day of culture

WBC count (10%/liter) 12.4 (8.6, 17.4) 14.3 (9.8, 20.1) 0.034 12.3 (8.3, 17.5) 14.7 (9.8, 20.1) 0.008
Hemoglobin concn (mmol/liter) 9.8 (8.5, 11.3) 9.2 (8, 10.1) <0.001 9.6 (8.4, 11.1) 9.3 (8.2, 10.2) 0.002
Hematocrit (%) 30.1 (26.3, 34.6) 28.2 (25.2,31.8)  <0.001 29.5 (25.7, 33.9) 28.5 (254, 31.8) 0.009
Platelet count (10%/liter) 201 (124, 288) 215 (123, 317) 0.31 190 (106, 273) 209 (130, 297) 0.349
Sodium concn (mmol/liter) 137.3(5.5) 137.6 (5.9) 0.55 137.2(5.6) 138.2 (6.7) 0.159
Potassium concn (mmol/liter) 4.1(0.6) 4.1(0.7) 0.276 4.1(0.6) 4.1(0.7) 0.915
Chloride concn (mmol/liter) 102.4 (6.5) 101.8(7.2) 0.205 102.7 (6.7) 102.7 (8.7) 0.948
Bicarbonate concn (mmol/liter) 24.5 (4.8) 25.2(5.4) 0.112 23.7 (4.7) 24 (4.5) 0.612
Anion gap (mmol/liter) 104 (4) 10.7 (5.2) 0.347 10.8 (4.3) 11.5(5.6) 0.162
Creatinine concn (umol/liter) 1.4(1.3) 1.6(1.4) 0.048 1.4(1.3) 1.7(1.4) 0.042
BUN concn (mmol/liter) 28.4(22.8) 36.6 (26.3) <0.001 29.5(23.1) 40.5(27.2) <0.001
GFR (ml/min) 71 (39, 100) 61 (31, 100) 0.081 67 (37, 100) 62 (31.5, 100) 0.069
Glucose concn (mmol/liter) 135.3(57.1) 139.5 (61) 0.433 137.8(60.9) 141.5 (69) 0.674
Magnesium concn (mg/dl) 1.7 (0.3) 1.7(0.3) 0.399 1.7 (0.3) 1.7(0.3) 0.859
Calcium concn (mmol/liter) 8.6 (0.9) 8.7 (1) 0.119 8.5(0.9) 8.6 (1) 0.427
Phosphorus concn (mmol/liter) 33(1.2) 34(1.3) 0.171 3.3(1.2) 35(1.2) 0.187
AST concn (U/liter) 69.8 (363.5) 51.6 (97.6) 0.607 76.8 (336.1) 65.6 (128.6) 0.801
ALT concn (U/liter) 52(187.7) 47.7 (87.7) 0.814 58.6 (178) 59.4(109.2) 0.983
Alkaline phosphatase concn (ng/ml) 149.9 (168) 217.5(361.3) <0.001 157.3(178.2) 260.7 (465.2) <0.001
aPTT (s) 22.7 (15.3) 20.9(13.5) 0.23 23.3(15.9) 22.1(13.8) 0.604
INR 1.3(0.6) 1.3(0.3) 0434 1.4(0.7) 1.3(0.4) 0.814
Lactate concn (mmol/liter) 20.5(22.5) 19.6 (22) 0.766 23.3(24.4) 22 (24.8) 0.797
D-dimer concn (ng/ml) 3,021 (2,518) 2,773 (2,699) 0.686 2,979 (2,621) 2,821 (2,474) 0.85
Prealbumin concn (g/liter) 14.1(8.1) 14.1(7.9) 0.935 13.5(8) 12,6 (6.9) 0.568
Protein concn (g/liter) 6.1(1.1) 6.1(1.1) 0.784 5.9(1) 6(1.1) 0.877
Fibrinogen concn (g/liter) 327.2(180.2) 334.6 (174.1) 0.79 312.5(177.3) 326 (175.1) 0.711

Median (IQR) no. of days since last dose of:
Any antibiotic 0 (0, 5) 0 (0, 0) 0.014 0 (0, 14) 0 (0, 0) 0.004
An aminoglycoside 100 (100, 100) 100 (100, 100) <0.001 100 (100, 100) 100 (73, 100) <0.001
An antipseudomonal carbapenem 100 (100, 100) 100 (8, 100) <0.001 100 (100, 100) 100 (16, 100) <0.001
Ertapenem 100 (100, 100) 100 (100, 100) <0.001 100 (100, 100) 100 (100, 100) <0.001
A fluoroquinolone 100 (100, 100) 100 (29, 100) 0.039 100 (100, 100) 100 (42, 100) 0.236
A penicillin 100 (2, 100) 21 (0, 100) 0.002 100 (0.5, 100) 27.5 (0, 100) 0.086
An anti-MRSA agent 60 (0, 100) 2 (0, 42) <0.001 58 (0, 100) 1 (0, 49) <0.001
Colistin 100 (100, 100) 100 (63, 100) <0.001 100 (100, 100) 100 (100, 100) <0.001
Aztreonam 100 (100, 100) 100 (100, 100) 0.705 100 (100, 100) 100 (100, 100) 0.876
Carbapenem (any) 100 (100, 100) 60 (0, 100) <0.001 100 (100, 100) 100 (0, 100) <0.001
A beta-lactam 0 (0, 83) 0 (0, 17) 0.041 3 (0, 100) 0 (0, 19) 0.011
An acid suppressant 0 (0, 100) 0 (0, 0) 0.014 0 (0, 88.5) 0 (0, 0) 0.332
A probiotic 100 (100, 100) 100 (100, 100) <0.001 100 (100, 100) 100 (100, 100) <0.001
A steroid 100 (20, 100) 100 (13, 100) 0.876 100 (19.5, 100) 100 (54, 100) 0.515
Chemotherapy 100 (100, 100) 100 (100, 100) 0.99 100 (100, 100) 100 (100, 100) 0.723
An immunosuppressant 100 (0, 100) 100 (0, 100) 0.582 100 (0, 100) 100 (0, 100) 0.811
A blood product 100 (100, 100) 100 (11, 100) 0.002 100 (40, 100) 100 (11, 100) 0.172

aBMI, body mass index; RRMC, Ronald Reagan UCLA Medical Center; SMH, Santa Monica UCLA Hospital; ICU, intensive care unit; IQR, interquartile range; hosp.,
hospitalization; advanced ventilation, either noninvasive mask ventilation or endotracheal intubation; SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP,
mean arterial pressure; WBC, white blood cell; BUN, blood urea nitrogen; GFR, race-adjusted glomerular filtration rate; AST, aspartate aminotransferase; ALT, alanine
aminotransferase; aPTT, activated prothrombin time; INR, international normalized ratio; antipseudomonal carbapenem, meropenem, imipenem, or doripenem.

comorbidities (19, 20, 22, 27), increasing age, male sex, length of stay, and presence of
indwelling urinary catheters (22), and prior residence in a nursing home and ICU
admission (26). While other models have focused on prior colistin exposure as a risk
factor (21, 23, 24), our multivariate models suggest that exposure to other antibiotics
(carbapenems and anti-MRSA agents) may serve as better markers for disease risk.
While it is improbable that exposure to these medications mechanistically leads to the
development of Col", carbapenem receipt is likely a proxy for recent infection with MDR
GNRs, while anti-MRSA receipt is a proxy for a recent concern for sepsis, as nearly all
patients with suspicion for sepsis receive at least one dose of vancomycin at our
institutions.

Several variables indicative of acute decompensation, specifically, an increased WBC
count, an increased creatinine/blood urea nitrogen concentration, a lower blood
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TABLE 4 Model specifications for Col" GNRs and Col" K. pneumoniae

Organism and characteristic Coefficient SE P value
Col" GNRs
Neurologic disease 0.53 0.24 0.026
Facility prior to admission 0.96 0.24 <0.001
Carbapenems within 90 days 0.75 0.25 0.002
Intubation or NIVa 0.64 0.25 0.009
Prior carbapenem resistance 0.80 0.26 0.003
Col" K. pneumoniae
Neurologic disease 0.75 0.37 0.041
Facility prior to admission 1.89 0.38 <0.001
Carbapenems within 90 days 0.76 0.40 0.059
Anti-MRSA within 90 days 1.17 0.56 0.039
Prior carbapenem resistance 1.58 0.39 <0.001

aNIV, noninvasive ventilation.

pressure, and the presence of septic shock, were associated with an increased risk for
recovery of a colistin-resistant isolate on bivariate analysis. However, none of these
variables remained significant in the final model, and their discriminatory power in
multivariate analysis was limited. While it is possible that these variables indicated
clinical decompensation in the setting of an ineffectively treated infection, their con-
tribution to the model was better explained by other variables, implying that the effect
of acute decompensation is a partial mediator for a more significant construct, such as
chronic medical illness.

Some of the risk factors observed in this study, particularly neurologic disease,
weight loss, and recent receipt of carbapenems, were also shown to be predictive of
resistance to carbapenems (34) and aminoglycosides (S. E. Richter, unpublished data).
Additionally, these risk factors did not cluster temporally, reducing the probability that
an outbreak isolated to a particular population or unit was responsible for the high
prevalence of these risk factors in the affected population.

Our score for ruling in Col* GNRs is of limited utility, given that the predicted
probability never exceeds 4%. The model is theoretically useful for ruling out Col" GNRs
at low scores; further research will focus on thresholds for clinical decision making. The
model for predicting Col" K. pneumoniae is significantly more useful, as a score of >3
indicates a nearly 10% chance of Col" K. pneumoniae, at which point colistin therapy is

% Colistin Resistance by Score, All GNR
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FIG 2 Positive predictive value for colistin resistance at each score value for Gram-negative rods.
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FIG 3 Positive predictive value for colistin resistance at each score value for K. pneumoniae.

likely risky to use as a sole therapy. Since the score is substantially more useful after
species identification, it is best paired with tools that allow for early identification, such
as matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) mass spec-
trometry or other rapid identification technologies.

While there is no consensus at this time on the optimal treatment of infections
caused by organisms expressing resistance to both colistin and carbapenems, several
novel agents have shown promise in this area. Two novel beta-lactam-beta-lactamase
inhibitors, ceftazidime-avibactam and meropenem-vaborbactam, should retain micro-
biologic activity against most colistin-resistant carbapenem-resistant Enterobacteria-
ceae (CRE) isolates, with improved survival and clinical outcomes for complex infections
being demonstrated for ceftazidime-avibactam (35) and meropenem-vaborbactam (36)
compared to those achieved with the best available treatment, including colistin.
Similarly, the aminoglycoside plazomicin should also retain microbiologic activity
against most colistin-resistant CRE isolates, and treatment with plazomicin has shown
improved survival and clinical outcomes for complex infections compared to those
achieved with colistin (37).

A significant potential limitation of this study is its external validity and generaliz-
ability. It is possible that our models are not applicable to other medical systems. The
work described has several safeguards that mitigate this effect. First, the data set draws
information from two hospitals that serve somewhat different populations. Ronald
Reagan UCLA Medical Center has a high proportion of patients undergoing transplants
of either solid organs or bone marrow, a robust neurosurgery patient population, and
a large number of patients with chronic severe medical illness. Santa Monica UCLA
Hospital is a community hospital with a focus on geriatrics, orthopedic procedures, and
solid oncology patients. Second, the data set contains data for tens of thousands of
patients and is thus 1 to 2 orders of magnitude larger than the data sets for other
similar studies examining risk factors for infection with resistant organisms. Third, as
shown above, the bivariate predictor variables largely match up with the predictors
described in previous work. Finally, in order to prevent overfitting, the final models
were restricted to a small number of predictor variables. Nevertheless, external validity
is always a concern, and further work will focus on validating these prediction scores on
more diverse data sets.

Another limitation of this study comes as a consequence of our institutions’ testing
procedures, as urinary specimens were tested for colistin resistance only as a second
step if they expressed carbapenem resistance. This potentially led to the misclassifica-
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tion of some Col" urinary isolates as Col*, and caution should be exercised when
applying the model to urinary isolates.

The final number of Col" cases was moderate, and approximately 50% could not be

included in the final analysis due to a lack of complete data across the relevant
domains. Additionally, we had access only to data from inpatient hospitalizations within
our hospital system, potentially excluding relevant information from outpatient en-
counters or treatment at other facilities. These limitations reflect the real-world data
that are available at the time of decision making or for eventual integration of a similar
score into an electronic health record. However, it is the largest investigation to date in
terms of subject number and spans a period of 6 years, allowing us to examine far more
potential explanatory variables than prior investigations of risk factors for the devel-
opment of Col" in GNRs or K. pneumoniae. By performing a cohort study of patients
with positive cultures, we eliminate potential selection bias in choosing controls and
strengthen the validity of observed associations (38).

The initial empirical antibiotic choice is dependent on the pretest probability of

colistin resistance, and initial empirical treatment with the higher-intensity regimens
required for Col" organisms may not always be warranted. Lower scores can theoreti-
cally rule out Col" organisms and may be helpful in allowing the empirical use of colistin
therapy in cases that would otherwise be considered at higher risk for resistance
development; further research will focus on specific cutoffs for clinical decision making.
In particular, this score could potentially improve care while awaiting the laboratory to
perform colistin susceptibility testing, which may take days to weeks to a result, due to

the limited availability of tests for colistin susceptibility testing.

Our study demonstrates the potential to harness currently available information
from an existing electronic medical record to better inform clinical decision makers. In
the current era of data-intensive medical care, we should harness all available infor-
mation to better manage our patients. Further research will focus on validation of this
score in other populations with other antibiotics and other pathogens and an analysis
of cost-benefit thresholds for initiating specific antibiotic regimens in cases of uncer-
tainty.
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